W6019-epoxy resin complexes with different W : C molar ratios, I, II and III, were prepared by the reaction of tetrabutylammonium hexatungstate, dyglycidyl ether of bisphenol A and phthalic anhydride. The microwave treatment of complexes I, II and III gave nano-sized W03, W02, W2C, WC and/or W / carbon composite materials IcIIIc.
2.2 Synthesis of tetrabutylammonium hexatungstate (TBAT) TBAT was prepared according to the reported procedure18). A mixture of sodium tungstate dihydrate (0.12 mol) , acetic acid (48 mL) and DMF (30 mL) was heated at 100 V for 3 hrs. Into the mixture was added DMF (60 mL) , acetic acid (24 mL) and 12 M hydrochloric acid (24 mL) , and the resulting mixture was heated further at 100 V for 2 hrs. The mixture was filtered and the filtrate was added into a solution of tetrabutylammonium bromide ( 0.05 mol) in methanol (60 mL) , and the mixture was stirred for 1 hr. The precipitates formed were recrystallized from DMF and washed with methanol to obtain whitecolored TBAT (45 % yield) .
2.3 Preparation of complexes I, II and III TBAT, DGEBA and PA were dissolved in 80 mL of acetone. The charged amounts of TBAT, DGEBA and PA are shown in Table 1 . Acetone was evaporated at 80 C and the residue was heated at 180 C for 2 hrs to obtain TBAT-dispersed epoxy resin complexes I, II and III. Epoxy resin was selected as matrix in expectations that it may restrain metal formation and oxide particle growth during calcination by its abundant 0 atoms, thermosetting nature and rigid structure.
2.4 Microwave treatment of complexes I, II and III 0.2 g of the complex I, II or III was put in a porcelain crucible, covered with alumina-silica wool, and heated by microwave using Matsushita NE-EZ2 (2.45 GHz, 700 W) for 2, 2.5, 3, 3.5 and 4 min to obtain blackcolored products Ic-2 Ic-4, IIc-2 IIc-4 or IIIc-2 IIIc-4. Here roman number correponds to the complexes I, II or III used, and suffix gives the time of the microwave treatment.
2.5 Additional calcination of Ic's, IIc's and IIIc's under an oxygen atmosphere 0.2 g of the product Ic-2 Ic-3, IIc-2 IIc-3 or IIIc-2 IIIc-3 was put in a porcelain crucible, and heated under an oxygen atmosphere with a heating rate of 10 V / min and kept at 400 V for 30 min using an electric furnace, Denken KDF-75, to obtain calcined products
2.6 Visible light-irradiated reduction of TCNQ in the presence of IIc-3-0 A mixture of IIc-3-O (3 mg) , 100 TCNQ acetonitrile solution (10 mL) and citric acid (0.76 mg) was mixed and stirred under an argon atmosphere at room temperature in the dark for 48 hrs. The TCNQ concentration in the dark and after the irradiation of light (X > 460 nm) under an argon atmosphere was determined using UV-VIS spectrometer.
2.7 Visible light-irradiated oxidation-reduction of aqueous silver nitrate solution in the presence of IIIc-2.5-0 A mixture of IIIc-2.5-0 (50 mg) and 0.05 mol/L silver nitrate aqueous solution (5 mL) was deaerated by argon bubbling for 1 hr. Visible light (2 > 460 nm) was irradiated to the mixture under an argon atmosphere for 3 hrs, and the evolved 02 was determined using gas chromatography and the formed Ag was estimated by ICP-AES analysis.
2.8 Characterization Elemental analyses were performed for C, H and N using Yanaco MT-6, and for W and Ag by ICP-AES using Shimadzu ICP-7500. FAB (Fast Atom Bombardment) -MS spectra were taken using Jeol JMS-700 TKM. FT-IR spectra were measured using Nihon Bunko FT-IR 470 spectrometer. SEM images were obtained using Hitachi High Technologies S-4800 FE-SEM. SEM-EDX spectra were taken using Horiba Emax Energy EX-450. XRD patterns were measured using Rigaku Mini Flex. TEM observations were done using Jeol TEM-3010 microscope. ESR spectra were taken using Jeol JES-TE200 spectrometer. UV-VIS spectra were measured using Hitachi U-4000 Table 1 Charged amounts of TBAT, DGEBA and PA .
spectrometer. Visible light was generated using HoyaSchott Megalight 100 halogen lamp with high pass filter of 460 nm. Evolved 02 was analysed by gas chromatography using Shimadzu GC-8A.
Results and Discussion
3.1 Characterization of the prepared materials Table 2 shows the results of elemental analyses of TBAT. The observed W, C, H and N values were almost equal to the calculated values for stoichiometric composition. The FT-IR spectra of TBAT shows frequencies at 974 cm -1-due to W = 0 group, at 813 cm -1 due to W-O-W group, and at 2938, 2876, 1483, 1469 and 1381 cm-1 due to C-H bond. The FAB-MS spectra of TBAT shows a peak at m/z = 1893.189 due to [ (n-C4H9) 4N] 2 [W76019] H. These results indicate the formation of TBAT.
The reaction of TBAT, DGEBA and PA at 180 C gave solid products. The results of elemental analyses of the products are shown in Table 3 . The observed C contents in the products were found to increase in order I < II < III. FT-IR spectral examination showed frequencies at 957 and 814 cm -1 due to WOx unit. SEM-EDX images observations ( Fig. 1) Table 2 Elemental analyses of TBAT. Table 3 Elemental analyses of complexes I, II and III. Fig. 4 shows the XRD patterns of the oxidized products. Characteristic peak due to monoclinic W03 were observed for every product and, especially, products Ic-2.5-0, Ic-3-O, IIc-3-O, IIIc-2.5-0 and IIIc-3-O showed distinct peaks of W03. It is noted that the oxidized products still contain trace amount of N, which may be incorporated in W03 lattice or exist in carbon matrix in the form of -NO2. It may affect, especially in the former case, the products' electronic nature by forming an impurity level. The existing form of N could not be identified in this work, and is a future task. The TEM images of the oxidized products are shown in Fig. 5 . The products oxidized for 2 min, i.e. Ic-2-O -IIIc-2-O, showed ambiguous TEM images with rather scattered size and/or shape. Distinct ultrafine particles with the diameters of ca 20 30 nm, possibly W03, in the matrix of carbon clusters were observed for the products oxidized for 2.5 min, i.e. Ic-2.5-0 -IIIc-2.5-0. The aggregation of the particles, with the diameters of ca 30 nm, was observed for the products oxidized for 3 min, i.e. Ic-3-O -IIIc-3-O. According to these results, it can be concluded that nano-sized W03 / carbon composite products were obtained by the additional oxidative calcination of carbon composite materials involving several tungsten compounds.
3.2 Electronic nature of the W03 / carbon composite materials The electronic nature of IIc-3-O was investigated by ESR spectral examinations as were done in our previous works for various metal compound / carbon composite materials12-16). Fig. 6 shows the ESR spectra of IIc-3-O in the presence of an oxidant (1,4-benzoquinone) or a reductant (1,4-hydroquinone) under the irradiation of visible light (A, > 460 nm) . As described in the previous papers1246), a peak at 337 mT (g = 2.003) is considered to be due to a free electron formed in carbon through an electron transfer between W03 particles and carbon phase. The addition of the oxidant to IIc-3-O decreased the signal intensity, but the intensity increased with the addition of the reductant, suggesting that the signal is due to an anion radical formed in carbon phase. Thus, it is suggested that a multi-electron transfer from W03 particles to carbon took place, and 1,4-hydroquinone may afford an electron to W03 particles to increase the signal intensity, and 1,4-benzoquinone may abstract an electron in carbon phase to decrease the signal intensity (Scheme 2) . These results suggest that IIc-3-0 may have a photo-responsive oxidation-reduction function with an oxidation site at W03 particles and a reduction site at carbon.
3.3 Oxidation-reduction feature of the W03 / carbon composite materials Visible light-responsive oxidation-reduction abilities of the W03 / carbon composite materials were examined. Fig. 7 shows the UV-VIS spectral change of TCNQ in the presence of IIc-3-O and citric acid in acetonitrile under the irradiation of visible light above 460 nm. The TCNQ absorption decreased with the increase in the irradiation time, indicating that IIc-3-O had a lightresponsive reduction ability. Fig. 8 shows the relationship between the amount of decrease in TCNQ and time. No TCNQ decrease was observed in the dark (time < 2 hrs) and the amount of TCNQ linearly decreased with time. It is to note that, even after the irradiation had stopped (time = 4 hrs) , the TCNQ concentration continues decreasing for some time, and then seems to saturate . A plausible assumption is that the adsorption of TCNQ onto the surface is slower than its decomposition on the surface, and continues after the light irradiation had stopped until it reaches to equilibrium again. Slow adsorption could be seen from the fact that it took 48 hrs to assure adsorption equilibrium before the experiments. Since the light irradiation starts with the adsorption equilibrium, it seemed reasonable to regard the amount of TCNQ decreased during 48 hrs as that decomposed by the light irradiation. Hence, photoreduction activities were evaluated by the equation AA = A1-48 -AO, where A1-48 is the amount of TCNQ after irradiating for 1 hr and stirring for 48 hrs and Ao is the TCNQ concentration before the irradiation, and the results are shown in Table 6 . Every WO3 / carbon composite product in this study showed higher photoreduction activity than commercially available W03. Several suggestive results seem to be given in Table 6 . For each product group Ic-O's, IIc-O's and IIIc-O's, the highest AA values, or the highest photo-reduction ability, were obtained for the products oxidized for 2.5 min, i.e. Ic-2.5-0, IIc-2.5-0 and IIIc-2.5-0. As described in section 3.1 for TEM images, the shapes and sizes of WO3 particles strongly depend on the time of microwave treatment, and particle size is larger with longer microwave treatment (Fig. 5) . On the other hand, the crystallinity of WO3 improves with the treatment time (Fig. 4) . Hence, it is quite natural to expect optimal microwave treatment time, and 2.5 min was it under the experimental conditions of the current study. Among the three samples oxidized for 2.5 min, IIc-2.5-0 showed the highest AA value indicating that the ratio of WO3 to carbon affects the activity. Visible light-responsive oxidation-reduction ability of IIIc-2.5-0 was examined by the decomposition of an Ag +-contained water according to the experiment given in section 2.7. 6.25 imol of 02 was evolved. The formation of Ag particles was observed on the surfaces of IIIc-2.5-0 particles and the amount of Ag was determined by ICP-AES analysis to be 21.5 lamol. Then, 02 : Ag molar ratio was 1 : 3.44. If a four electrons-oxidation and -reduction took place at WO3 particles and carbon phase, the 02 : Ag molar ratio is calculated to be 1 : 4. Therefore, Inc-2.5-0 is concluded to have a function similar to four electron-oxidation.
Conclusion
Nano-sized WO3 / carbon phase composite materials were synthesized and found to show a multi-electron transfer from WO3 particles to carbon phase with multi-electron oxidation at WO3 part. This means that the incorporation of a highly oxidative metal oxide in carbon phase will be a good candidate for useful oxidation-reduction photocatalyst. Our observations will contribute the development of new photo-science, such as electronic and/or optical device production, artificial photosynthesis, solar cell production, CO2 fixation, organic synthesis catalysis, and so on . Table 6 Photoreduction activities (AA) of oxidized products.
